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Preface -

) This report was prepared by the U.S. Army Engineer Nuclear Crater-
ing Group (NCG) to serve as a textbook for engineers in planning for the use
of large explosive charges in a construction role, primarily for excavations
and other civil engineering purposes. The experience of the Group in mod-
eling nuclear cratering tests with chemical (high) explosives over the past
nine years, and the more recent experiments which included objectives
related to the applicability and the economy of chemical.explogsive excava-
tion, are the primary foundation for the writing. The knowledge de.veloped
from these experiments and related reseafchl activities has reached a level
where certain excavations achievable with large chemical explosive charges
can be successfully and confidently designed. This report is written with
the objective of documenting this techhology and making this knowledge
available for practical use. The task is in accordance with the mission of _
NCG to provide technical advice and assistance in the use of large explosive
charges to field elements of the Corps of Engineers and to other government.
agencies and construction organizations, Admittedly, optimum procedures
have not yet been established by field testing for the full range of possible
excavation situations, The active program of research conducted by NCG
under the Civil Works funded program, "Nuclear Explosives Studies for
Civil Construction," is being concluded in June 1971; however, research and
testing related to the explosive excavation concept will continue under a
field office of the U,S. Army Engineer Waterways Experiment Station,
This office will be created out of NCG and designated the U,S. Army Engi-
neer Explosive Excavation Research Office (EERQO). Improvements brought
about by future research work will be documented by appropriate.additions

or revigsions to this report.
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Abstract

This report is the first comprehensive textbook on a relatively new
method of construction originating from research into the large-scale use
of explosives for construction purposes. The central idea is that explosives
can be made to do more work for the civil engineer than just break up rock;
various types of excavations and explosion-generated effects can be designed
and produced safely, quickly, and in many cases more cheaply than by the
use of other techniques. The overall concept, design approach and proce-
dures, and the operational consequences of using currently available tech-
niques are fully described, Emphasis is on the adaptability of the method
and its present and future potential as a cost competitive tool in various
construction roles,

The report deals with the mechanism of crater formation and the
characteristics of explosion-produced ératers. It covers the types of proj-
ects in which such craters have useful application, how to choose the proper
explosive, how to design the charge emplacement and firing system, and how
to evaluate the potential hazardous effects from detonation, The field oper-
ations associated with using the method are described and the postshot
engineering considerations are discussed. An example is given to illustrate
the procedure to be followed to analyze a typical excavation project.

Further research needed to increase the adaptability and competitive-
ness of explosive excavation is presented. Considerable ancillary informa-
tion for engineers interested in the evolution of explosive excavation, case
histories of projects, details relating to explosives and design procedures,
and the procedures to contract for explosive excavation services is appended

to the report.
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NCG TECHNICAL REPORT NO. 21

EXPLOSIVE EXCAVATION TECHNOLOGY

Chapter 1

Introduction

1.1 OVERALL PURPOSE AND SCOPE

This report is written to provide the
civil engineer with information necessary
to plan, to design, and to execute explo-~
sive excavation projects using chemical
high explosives. The use of nuclear
explosives for excavation projects has
been previously reported by the U. S,
Army Engineer Nuclear Cratering Group

(NCG) in 1968,

1.2 WHAT IS EXPLOSIVE
EXCAVATION?

The term ''explosive excavation' is a
general term which in most instances
implies ''cratering' or the use of large
explosive charges to produce an excava-
tion by fracturing and ejecting large vol-
umes of earth or rock in a construction
application. The terms 'quarrying' and
"mounding' as used herein describe var-
iations of explosive excavation in which
large concentrated charges are used to
fracture and to loosen rock material with
little or no ejection of material.

Although a precise charge weight limit
is not prescribed, it is generally con-
ceived that explosive charge sizes will
range from about one ton to several hun-
dreds of tons. Based on the types of

projects studied to date, it is expected

that by far the most common sizes to be
employed will be in the range from 1 to
50 tons,

will involve more than a single charge,

A single detonation most likely

In general, explosive excavation in-
volves charges buried at depths ranging
from the surface down to a point at which,
upon detonation, there is little visible
Like
the charge weight criteria, depth of burial

surface evidence of the detonation.

limits are not precisely defined. As a

rule of thumb, it is convenient to think of

~ explosive excavation with chemical explo-

sions in terms of tens of tons of explo-
sives emplaced tens of feet in depth. The
depth of primary interest for this report
is termed the ''optimum depth of burial'’;
i.e., the depth, measured from ground
surface to the charge, at which the detona-
tion will excavate the largest net volume
of material. Design techniques which use
other depths of burial are under develop-
ment.

Explosive excavation is an alternate
method to conventional blasting and haul-
ing for moving soil and rock on construc-
tion jobs., Similarly, explosive quarrying
and mounding are alternatives to the con-
ventional quarrying and rock blasting
operations conducted as a necessary part
of many construction projects, The use

of large concentrated charges offers



substantial potential benefits when excavation

and, in certain cases, when blasting or
rock removal comprise major project
activities, The principal potential advan-
tages are speed of construction and
economy,

Explosive excavation is a construction
tool of considerable versatility, Even at
the present state of the technology, it is
“characterized by emplacement and firing
techniques which can be designed to ob-
tain excavation ¢onfigurations suitable
Further
research is extending these design tech-

for a wide range of projects.

niques to cover wider applications. Some
projects which may not be feasible by

other means may be accomplished through
the use or adaptation of explosive excava-

tion techniques.

Explosive excavation does not stop with
detonations that produce huge craters or
mounds of broken rock but includes pro-
visions for postshot operations as neces-
sary to deliver a useful engineering exca-
vation, Due consideration is given to
facilitating follow-on construction opera-
tions. The explosive excavation method
embraces all of the engineering and the
operations to fit the explosively produced
crater, quarry, or zone of broken rock

into the overall construction project,
1,3 BASIS FOR REPORT

Since 1962 the U.S, Army Engineer
Nuclear Cratering Group has executed
extensive laboratdry and field cratering
tests using chemical explosives (Appen-
dix A). Initially, these were primarily
modeling experiments for nuclear tests
conducted to fulfill a part of the Corps'

obligations in a joint Corps of Engineers—

_2_

Atomic Energy Commission program to
investigate the use of nuclear explosives
Since 1969

the objectives of this research have been

for large-scale excavations,

broadened to include investigations into
the practical aspects of using chemical
explosives in similar but smaller con-
struction roles. A number of experiments
conducted under this program have dra-
matically illustrated the excavation
potential of large charges of chemical -
explosives (for examples, see Appendix B).
The technical knowledge and experience
accumulated in conducting this research
provide an initial level of understanding

of the cratering process sufficient to
establish procedures whereby explosive
cratering can be successfully used as a
competitive excavation method under
certain conditions. This report is pri-
marily concerned with these state-of-the-
art procedures. Additional research is
needed to increase the applicability of the
explosive excavation method, to test and
to prove new.techniques, and to extend the
method's competitiveness to more mate-

rials and situations,
1.4 PRACTICAL APPLICATIONS

The full range and variety of applica-
tions appear to be limited only by the
imagination, Studies, augmented by lab-
oratory and field experiments, indicate
the following to be the most attractive
practical projects at this time: canals,
waterway connections, harbors, channel
deepening and widening, and highway and
railway cuts. More limited studies indi-
cate the following projects as potential
applications for explosive excavation

techniques: quarries, expedient



biasted-into-place) dams, and overburden re-
moval. It is with such projects in mind
that this report has been written. Appli-
cations such as these usually require con-
siderable excavation and are frequently
found in areas sufficiently remote to

allow large detonations.
1.5 PREVIEW OF CONTENTS

To the engineer there are practical
questions concerning the use of explosive
excavation which must be satisfactorily
answered before it is accepted and put to
wide use. These include the effectiveness,
the versatility, the simplicity, the safety,
and the economy of the method. This re-
port anticipates these gquestions and is
devoted to providing answers. The cen-
tral question which forms the theme for
the first edition is this: What is involved
in explosive excavation and how can it be
used on construction projects?

The first nine chapters are designed
to present a complete picture of explosive
excavation in a relatively brief textbook

form following the general chronological

order of project development. The infor-
mation presented is basic to clear under-
standing of all aspects of explosive exca-
vation., Where appropriate, recommended
procedures for using this information to
accomplish excavation projects are stated.
Chapter 10 goes further to illﬁstrate, by
example, how the information in the text
may be applied to analyze projectis for the
practicability of using explosive excava-
Chapter 11 deals with

current and future research in the area

tion techniques.

of explosive excavation. Six appendixes
provide selected additional information
which, although considered to be ex-
tremely important and relevant to explo-
sive cratering, was believed to be pri-
marily ancillary to the main text, too
specialized in nature or too detailed to

be integrated into the chapters.

REFERENCE

1. LTC B, C. Hughes, Nuclear Construc-
tion Engineering Technology, U. S,

Army Engineer Nuclear Cratering
Group, Livermore, Calif., Rept.
NCG-TR-2, September 1968,



Chapter 2

Crater Formation and Properties of Craters

2.1 SCOPE

This chapter briefly explains the con-
cept of explosive cratering, introduces
nomenclature, and describes the nature
of an explosively prodﬁced crater. The
information presented here provides the
necessary general background for the
development in subsequent chapters.

Two sections are devoted to the me-
chanics of crater formation and the meth-
ods used to predict the dimensions of
craters. The discussion of crater forma-
tion is nonmathematical and provides an
overview of the physical events accompa-
nying an underground explosion. It ex-
plains how the crater and the surrounding
zones of disturbance are formed,
Empirical scalingis the method for pre-
dicting crater dimensions used throughout
the text. Itisthe simplest of the methodsin
current use and most immediately appli-
cable to practical engineering situations.
Other methods, requiring complex calcu-
lations based on the conservation laws of
mass, momentum, and energy, are used
at the present time primarily as research
tools. The presentation of empirical scal-
ing includes experimentally developed
curves relating crater dimensions to the
depth of burial of the charges, The
curves indicate the expected performance
of a 1-ton charge of TNT in each of three
geologic media. These results may be
extendecd to other charge weights by the
scaling rules, and they may be extended
to other explosives and media by other

considerations, including subjective judg-

ment, The results from single-charge
detonations can be used to predict the
results from thel detonation of rows of
charges by the application of additional
empirical rules.

The final section describes the nature
of the fragmented and the fractured mate-
rial found in and around an explosively
produced crater. Included here is a gen-
eral discussion of those material proper-
ties which characterize the crater and
which are of primary concern in looking
to the engineering behavior of the crater
and the functional purpose to be served

by the excavation.
2.2 CRATER FORMATION

a., Crater Description and Nomenclature

A crater consists of three concentric
zones known as the apparent crater, the
true crater, and the rupture zone. These
are illustrated by Fig. 1, a cross section
of a typical crater in rock.

The apparent crater is the net exca-
vated volume below the original ground
surface. Its radius, depth, and volume
are the first criteria for the engineering
design of an explosive excavation. Its
cross section has been found to be best
approximated by a hyperbola whose
asymptotes are parallel to the crater
slopes near the original ground surface.
Its depth is somewhat less than the charge
depth of burial except for charges buried
at shallow depths.

The raised rim, or lip, surrounding

the crater consists of uplifted material
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{upthrust) overlain with fragmented mate- ward and has more fractures than in the
rial which has been ejected from the natural state. The actual interface be-
crater. The fragmented material, ejecta, tween the true crater and the rupture
covers the original ground surface out to zone is poorly defined. It is thought to be
a distance approximately equal to three more a transition region than a definite
times the crater radius from surface boundary. The outer limit of the rupture
ground zero (SGZ), zone is also poorly defined. The blast-
The true crater is the excavation induced fractures diminish in number
which would exist if none of the ejected with distance from the detonation point
material fell back into the crater, The until there are so few as to be indistin-
cross section of the crater has been guishable from naturally occurring
found to be best approximated by a parab- fractures. '
ola, During crater formation the true In quantitative discussions of crater
crater is partially filled with fallback characteristics it is necessary to have in
material to form the apparent crater. mind the nomenclature which describes
Thus the size and shape of the true crater features of the crater and the notation
are not easily discerned. used to represent measurable parameters.
Surrounding the true crater is a rup- Figure 1 shows the preferred crater no-
ture zone. Within this zone material has menclature. Figure 2 shows the notations
been displaced slightly upward and out- used for craters produced by single

Apparent crater boundary

Original ground surface

Ejecta
Surface ground zero
- O TS ~
$oZ 0502 a5
0 ey — .. _._P-_r--_-.c’
L T e s ) ¢

l:‘ \kl(\/
N Rupture zone

True crater boundary

Fallback

Original location of explasive
charge

Fig. 1. Cross section of typical crater in rock, showing nomenclature.
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Wotations ~*1ch anel: anly to swngle charge b - H1dth bctwee the outer boundaries of
craters coritauous ejecta across the crater
':'a = Radius of aotarert crater reacurec at Dar - Je~t" of arcarent row crater
a
original groun? surface Dy = Decth of truz row crater
"t - Padws of true crater measurad at
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eb e‘:g,‘::: togeutergbousdar:E HicontiEuous = a~d norpal to original ground surface
P V_ - Volume of acrarent crater below criginal
D, - Maximum denth of acrarent crater below a
8 and normal to origi~al ground surface greund surface
Dt -~ Maximum dezth of true crater below and Var - Volume of aacarent Tio
normal 5 original ground surface Vt - Yolume of true crater below original around
Notations wrich apply only to row-charge surface
craters D05 - Perth of EBurial
Wy = W1dth of acparent Tincar crater measured TP - Zero Point-effective center of exzlosion
at originai ground surface 567 - Surface Grourd Zerp {roint on surface
W, - Nw‘dt[‘ of true linear crater measured at vertically above ZP)
Brlo algG roundi=uniace W3P - Hearest Surface Point {Soint on original
Wy - W1dth between aprarent 1in crests across ground surface nearest {F - same as SGZ for
the crater horizental surface)

Fig. 2. Crater notations.
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charges and for craters produced by a
As will

be seen later, these notations can be

single row of several charges.

adapted for use with multiple row-charge
craters.

In addition to the nomenclature and
notations in Figs. 1 and 2, the following
definitions will apply in discussions of the
material properties of the media affected
by a cratering detonation:

Rubble:
fallback and ejecta.

The material comprising the
Rupture zone: The zone of blast-induced
fractures and displacements from the
true crater boundary outward to the rela-
tively undisturbed in situ material.

Bulking Factor (BF): The ratio of in situ

or preshot bulk density to postshot bulk

density. Bulking factor is used on con-

ventional construction to determine cut,
haul, and fill requirements.

Effective Porosity (ng): The ratio of the

volume of interconnected voids and frac-
tures in a rock mass to the total volume
of the same rock mass. The unconnected
voids dispersed in the intact -rock are not
considered, consequently effective poros-
ity of a mass is less than the total poros-
ity (ratio of void volume to total volume)

of the same mass.

In order to discuss crater formation
in various geologic media, it has been
found desirable to develop a system of
media classification which is useful in
the analysis of explosive excavation proj-
ects. Such a system, developed by the
Nuclear Cratering Group, is shown in
Table 1. The terminology and definitions
shown in Table 1 will be used throughout
this report when reference is made to

media.

b. Basic Cratering Mechanism

An underground explosion fragments
and ejects material by the combination of
a strong compressional wave and sus-
tained high pressures of the product gases,
The key events in crater formation are
illustrated in Fig. 3 for a charge bl_.lr.fi.ed'
at optimum depth in rock, and are de-
scribed as follows:

(1) Within milliseconds after the
detonation—see Fig. 3(a), the compres-
sional wave has propagated a distance
equal to the charge depth of burial. Be-
hind the wavefront particle motion is
radial and a state of compression exists.

(2) Surface spalling takes place —see
Fig. 3(b). Because compressional stress
cannot exist across the free surface, the
particles move upward with a velocity
equal to the sum of the Wave;particle
velocity and the velocity imparted by the
Be-

cause the rock has little strength in ten-

release of compressional stresses.

sion, the upward-moving particles will
pull free with considerable velocity,
When a surface layer has spalled off,
material beneath it experiences the condi-
tions which had existed a moment before
at the original ground surface. Spalling
continues, caused by a rarefaction or
tensile wave which propagates downward.

Spalling is not confined to the area
immediately above the charge. At some
critical dis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>